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Foveal detection thresholds for LM and CM Gaussian blobs in the presence of visible, laterally placed
blobs (separations of 0–6) were measured monocularly and dichoptically in observers with normal
vision. In the monocular and dichoptic viewing conditions, masking occurs for overlapping blobs, fol-
lowed by facilitation when they are completely separated (2–8 blob sd units under monocular conditions
and 4–12 blob sd units under dichoptic conditions). For LM blobs, facilitation of 24.1 ± 0.07% is demon-
strated dichoptically, less than the 57.0 ± 0.06% demonstrated monocularly. For CM blobs, more robust
facilitation of 39.0 ± 0.02% is demonstrated dichoptically, slightly more than the 34.6 ± 0.1% demon-
strated monocularly. Lateral facilitation is thus not purely a monocular phenomenon. More robust dich-
optic facilitation for CM stimuli suggests a more binocular locus for their neural processing.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
An observer’s threshold for detecting a target in space is inﬂu-
enced by the target’s surrounding elements and properties. The
surrounding elements, or ﬂanks, when appropriately positioned,
can be either facilitatory, where detection threshold is better than
when no surrounding ﬂankers are present, or inhibitory where per-
formance is worse compared to when the target is presented alone.
The interactions between test and ﬂanking stimuli (facilitatory or
suppressive) depend on several factors including spatial distance
between them, relative orientation difference between them and
the magnitude of the ﬂankers’ contrast, as well as relative phase
and colour (Cass & Spehar, 2005; Huang, Mullen, & Hess, 2007;
Levi, Klein, & Hariharan, 2002a; Polat & Norcia, 1996; Polat & Sagi,
1993, 1994; Solomon & Morgan, 2000). The facilitation effect is of
interest because it may reﬂect underlying neural connectivity. In-
deed the ﬁndings of some psychophysical experiments are in line
with those of neurophysiological studies (Crook, Engelmann, &
Löwel, 2002; Kapadia, Ito, Gilbert, & Westheimer, 1995; Polat &
Norcia, 1996) which have shown that the response of V1 neurons
to a near threshold stimulus can be enhanced as well as suppressed
by ﬂanking stimuli.
The studies noted above have observed lateral facilitation with
ﬁrst-order, or luminance-modulated elements in normal observers.
Lateral facilitation using luminance-modulated targets and ﬂanks
is also observed in observers with amblyopia (Levi, Hariharan, &ll rights reserved.
sion Research, Department of
Cambridge CB1 1PT, UK.
Hairol).Klein, 2002b; Polat, Sagi, & Norcia, 1997) although Polat et al.
(1997) suggested that the long-range interactions, which could
be responsible for facilitation, are compromised by the amblyopic
process. An alternative explanation for the observed facilitatory ef-
fect is the reduction of spatial uncertainty, where a ﬂanked thresh-
old is lower due to the visible ﬂanks providing a cue and reducing
observer uncertainty (e.g. Levi et al., 2002a; Petrov, Verghese, &
McKee, 2006; but see Hairol & Waugh, 2010; Shani & Sagi, 2006).
Studies have also been conducted on lateral interactions be-
tween second-order, or contrast-modulated, elements. Unlike
ﬁrst-order elements, second-order elements are deﬁned by change
in contrast, texture, orientation or binocular disparity without
overall changes in mean luminance. In normal vision, lateral inter-
actions between the contrast-modulated, second-order targets to
be detected and visible ﬂanks have similar characteristics to those
between luminance-modulated, ﬁrst-order targets and ﬂankers
(Hairol & Waugh, 2010; Wong, Levi, & McGraw, 2005). There is
masking when the target and ﬂank overlap (and at very close sep-
arations), and facilitation at target-ﬂank separations between 4
and 8 SDU (Hairol & Waugh, 2010) similar to the ﬁndings of Wong
et al. (2005). However, Wong et al. (2005) found that in observers
with amblyopia, lateral facilitation effects were diminished or non-
existent for second-order, contrast-modulated stimuli.
In amblyopic observers, the loss of the facilitatory effects when
contrast-modulated targets are used (Wong et al., 2005) and the
relative retainability of the effect when luminance-modulated tar-
gets are used when compared to normal vision (Levi et al., 2002a;
Polat et al., 1997) suggests that the two types of stimuli could be
processed in different areas in the visual system. As amblyopia is
characterised by abnormal binocularity (e.g. Crawford, Smith,
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Kiper, O’Keefe, Cavanaugh, & Movshon, 1998), these ﬁndings sug-
gest that lateral facilitation for contrast-modulated or second-or-
der targets is likely to involve binocularly driven neurons.
Second-order deﬁcits found even in the ‘non-amblyopic’ eye of
amblyopic observers were suggested to result from deﬁcits in the
predominantly binocular region of V2 (Wong et al., 2005). An alter-
native view is put forward by Calvert, Manahilov, Simpson, and
Parker (2005) where they suggested that second-order processing
does not necessarily require different neuronal structures from
that of ﬁrst-order processing. Responses to second-order patterns,
they argued, could be generated within V1, whilst receiving inputs
from extrastriate neurons via feedback connections from V2.
Researchers have largely agreed on the existence of separate
ﬁrst-order and second-order processing streams for motion and
more recently spatial vision, and evidence is found in psychophys-
ical studies (e.g. Chubb & Sperling, 1988; Manahilov, Calvert, &
Simpson, 2003; Schoﬁeld & Georgeson, 1999; Solomon & Sperling,
1994; Sukumar &Waugh, 2007), neurophysiological studies in cats
(e.g. Mareschal & Baker, 1998) and macaques (e.g. O’Keefe & Movs-
hon, 1998), as well as cortical activity for illusory contours in cat
(Sheth, Sharma, Rao, & Sur, 1996) and electrophysiological studies
in humans using VEP (Calvert et al., 2005; Ellemberg et al., 2003).
Second-order processing can be modelled as a ﬁlter-rectify-ﬁlter
cascade (Chubb & Sperling, 1988), i.e. second-stage linear ﬁltering
is required after the initial linear ﬁltering in V1 and a demodula-
tion step. Physiological studies in cat (Mareschal & Baker, 1998;
Zhou & Baker, 1994) and monkey (Peterhans & Von der Heydt,
1989; Von der Heydt, Peterhans, & Baumgartner, 1984) place the
locus of the second ﬁltering stage predominantly in area 18/V2, gi-
ven that V2 is known to contain neurons more strongly responsive
to binocular stimuli that those in V1 (Hubel & Livingstone, 1987)
though many neurons in V1 are also binocularly driven (e.g. Craw-
ford et al., 1984; Hubel & Wiesel, 1962). The results of studies that
investigate the nature of lateral interactions for both ﬁrst- and sec-
ond-order stimuli under monocular and dichoptic viewing condi-
tions could provide invaluable insight into their physiological
processing loci, i.e. similar or different processing sites for ﬁrst-
and second-order information.
Recent attention has also been given to investigations of interac-
tions between the mechanisms mediating ﬁrst- and second-order
vision, as an attempt to answer their independence of processing.
Schoﬁeld and Georgeson (1999) measured contrast discrimination
functions using luminance-modulated and contrast-modulated Ga-
bor noise stimuli. It was found that there was little or nomasking or
facilitation when a luminance-modulated target was superimposed
on a contrast-modulated target and vice versa, suggesting the inde-
pendence of the detection of ﬁrst- and second-order stimuli. In a
contrast matching task, Ellemberg, Allen, and Hess (2004) found
that ﬁrst- and second-order stimuli interact asymmetrically, where
ﬁrst-order ﬂankers reduced the perceived strength of a second-or-
der target, whilst second-order ﬂankers did not reduce the per-
ceived strength of a ﬁrst-order target. Different patterns of lateral
interactions are found when a ﬁrst-order test blob is ﬂanked by vis-
ible second-order blobs (2 1 2) andwhen a second-order test blob is
ﬂanked by visible ﬁrst-order blobs (1 2 1) (Hairol &Waugh, 2010). A
similar ﬁnding is also found for a large letter recognition task at
detection threshold (Chung, Li, & Levi, 2007).
One purpose of the current study is to investigate the locus of
lateral facilitation for luminance-modulated and contrast-modu-
lated targets in normal vision. Lateral facilitation for second-order
targets as mentioned earlier (e.g. Wong et al., 2005) may engage
binocularly driven neurons. However, lateral facilitation for lumi-
nance-modulated, or ﬁrst-order target detection, has been sug-
gested to be a purely monocular phenomenon (Huang, Hess, &
Dakin, 2006), as distinct from the contour integration process,which was enhanced under dichoptic conditions. Huang et al.
(2006) found that on average for three observers, ﬂank facilitation
and masking was absent, when target and ﬂanks were viewed
dichoptically. They suggested that lateral facilitation is therefore
a purely monocular phenomenon, not requiring binocular combi-
nation and so likely to be processed prior to binocularly driven
cells of V1. In addition, Tanaka and Sagi (1998) measured the time
course for collinear facilitation with a forward masking paradigm
under binocular, monocular and dichoptic conditions. Unlike mon-
ocular and binocular conditions, they did not ﬁnd robust facilita-
tory effects under dichoptic conditions.
One possibility that might help to reconcile these apparently
conﬂicting sets of results (i.e. Huang et al., 2006; Tanaka & Sagi,
1998; Wong et al., 2005) is that facilitation for luminance-modu-
lated targets is processed monocularly and for contrast-modulated
targets is processed binocularly. In the current study, a primary
aim is to compare lateral interactions for luminance-modulated
and contrast-modulated stimuli under dichoptic and monocular
viewing conditions, in order to clarify this issue. Another purpose
is to investigate the interactions across space between lumi-
nance-deﬁned and contrast-deﬁned stimuli in the facilitation and
masking regions, which could give important information about
the nature of stimulus combinations and the loci of processing.
Studies speciﬁc to combinations of overlapping stimuli of different
type, both monocularly and dichoptically, have also been carried
out in our laboratory and preliminary results have been reported
elsewhere (Waugh & Hairol, 2008).
We also need to address a well-supported alternative view, that
the facilitatory effects observed across space could be due to the
reduction of observer uncertainty, as surrounding objects could
help observers to locate a target thus reducing its detection thresh-
old (Levi et al., 2002a; Petrov et al., 2006). The uncertainty model
assumes that the visual system monitors a set of analysers, and
is uncertain about which of them carries the signal. It then makes
judgements based on the strongest signal present across all moni-
tored local analysers (Pelli, 1985). A prediction of this model is that
an increase in uncertainty for detection would result in a steeper
psychometric function slope. Petrov et al. (2006) found that detec-
tion thresholds were reduced and psychometric function slopes
became shallower when faint lines and circles were added as extra
cues to Gabor stimuli, thus supporting the uncertainty reduction
hypothesis. This factor was considered across all stimulus separa-
tions in a recent paper using monocularly-viewed luminance-mod-
ulated and contrast-modulated stimuli. However the results did
not support the suggestion that facilitation could be accounted
for by uncertainty reduction (Hairol & Waugh, 2010).
To address the current conﬂicts in literature mentioned above
and to help determine the processing loci for ﬁrst- and second-order
stimuli, we investigated lateral interactions for both luminance-
modulated (ﬁrst-order) and contrast-modulated (second-order)
Gaussian noise blobs viewed monocularly and dichoptically by
observers with normal vision. For both types of stimuli, facilitation
was observed when they were viewed dichoptically. Facilitation ef-
fects observed with luminance-modulated stimuli (1 1 1) across a
range of target-ﬂanks separations indicate that ﬁrst-order lateral
interaction is not strictly a monocular phenomenon as suggested
by Huang et al. (2006). Psychometric function slopes were not
consistently shallower in the regions of facilitation; therefore reduc-
tion of observer uncertainty alone is not sufﬁcient to explain these
effects. Thus lateral interactions are more likely to reﬂect neural
processing. For contrast-modulated blobs (2 2 2), more robust
facilitation was demonstrated dichoptically than monocularly
compared to luminance-modulated stimuli, which showed weaker
facilitation dichoptically than monocularly.
When the target and ﬂanks were of different type (i.e. 1 2 1 and
2 1 2), the effect of ﬂankers on detection thresholds was different,
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ently-deﬁned target and ﬂankers are processed separately and then
combined before a decision is made. Taken together, the results of
this study suggest a more binocular locus in the visual system for
the processing of contrast-modulated stimuli. V2 could be the likely
site for second-order binocular processing as is also suggested for
form and motion vision (Mareschal & Baker, 1998; Peterhans & Von
der Heydt, 1989; Von der Heydt et al., 1984; Zhou & Baker, 1994).2. Methods
2.1. Apparatus
The stimuli were displayed on a Sony Trinitron monitor with
mean luminance of 63 cd/m2. They were generated using a custom
written C program on a Pentium IV PC. The stimuli were loaded
onto the frame-store memory of a VSG 2/5 graphics card (Cam-
bridge Research System, Ltd., Kent, UK) installed in the computer,
which allowed up to 15 bit luminance control. Dichoptic presenta-
tion was achieved using ferro-electric shutter goggles (CRS FE-1).
The monitor’s frame rate was 150 Hz (75 Hz per eye). During the
experimental runs, the goggles attenuated the monitor luminance
by 0.9 log units. To enable closer comparison with dichoptic view-
ing, a Kodak Wratten #96 neutral density ﬁlter (ND = 0.90) was
placed before the viewing eye in the monocular viewing condition
and a black patch was placed over the other eye.
2.2. Calibration
To ensure that luminance artefacts did not interfere in the con-
struction and display of non-luminance stimuli, several steps were
taken so that such outputs did not drive unwanted visual responses
(Smith & Ledgeway, 1997). Monitor calibration and gamma correc-
tion procedures were carried out every 3–6 months. The range of
possible luminance outputs from each gun of themonitor wasmea-
sured using 768 estimates and the OptiCal photometer head. The
monitor’s gammanon-linearitywas corrected using these estimates
and a curve ﬁtting procedurewas used to create software lookup ta-
bles in the VSG. The linearised output following this procedure was
also checked. All experimentally created stimuli across the full
range of luminance and contrast modulations generated were care-
fully checked both in MatLab proﬁle and photometric measure-
ment. The range of modulations allowed for contrast-modulated
stimuli was capped at 70% to eliminate any potential general lumi-
nance cues. Suchmean luminance shifts might otherwise occur due
to the adjacent pixel non-linearity (Klein, Hu, & Carney, 1996). The
targets were also presented dynamically to avoid any consistent lo-
cal luminance cues that can occur due to pixel clumping. Moreover,
dynamic presentation is thought to decrease the effects of artefacts
due to APNL for small pixel sizes (Manahilov et al., 2003). Whilst
using ferro-electric shutter goggles, crosstalk between the eyes for
the dichoptic viewing condition was minimised due to the moni-
tor’s high frame rate and the 70% cap of the stimulus modulation
depth used in our experiments, as it has been previously been found
that crosstalk is more apparent at contrasts above 75% (Vedamur-
thy, Suttle, Alexander, & Asper, 2008). Control experiments were
also conducted in our laboratories where we found it impossible
to measure a detection threshold for a target at maximum available
strength, when delivered through the shuttered eye. That is, from
the psychophysical perspective, crosstalk was eliminated.
2.3. Stimuli
In this study, Gaussian functions have been added to, or multi-
plied with, a binary white noise carrier to obtain luminance-mod-ulated (LM) and contrast-modulated (CM) stimuli, respectively.
Examples of actual LM and CM Gaussian blobs used for the exper-
iment (magniﬁed for ease of viewing) are shown in Fig. 1. The ﬁg-
ure was generated using MatLab and shows pixel by pixel
luminance proﬁles of the stimuli generated by the experimental
code.
The stimuli can be mathematically expressed as:
Iðx; yÞ ¼ I0½1þ nNðx; yÞ þ lLðx; yÞ þmnMðx; yÞNðx; yÞ ð1Þ
where I(x, y) is the luminance at position (x, y), I0 is the mean lumi-
nance, n is the noise contrast which was ﬁxed at 0.2 for all experi-
ments, N(x, y) is the binary noise value at position (x, y) of 1 or 1, l
is the luminance amplitude (possible range of 0–0.8) which is zero
for CM stimuli, m is the contrast amplitude (possible range of 0–4)
which is zero for LM stimuli, L(x, y) is the luminance modulation
function, a Gaussian where r is its standard deviation and M(x, y)
is the contrast modulation (a Gaussian as above).
For the generation of LM and CM stimuli, either l or m was ad-
justed, respectively, the other being set to zero. Both LM and CM
targets were created and stored in memory before experimental
runs took place. The frame-store memory allowed storage of up
to 60 stimulus frames. Five frames of independent samples of
Gaussian modulated noise at each of the 11 levels on contrast
and ﬁve unmodulated noise frames were loaded into the frame-
store memory for each experimental run. In the dichoptic viewing
condition the same background noise frame was presented to each
eye before changing (i.e. 50% binocular correlation). The target in
noise was presented to one eye and the ﬂankers in noise were pre-
sented to the other eye. In each trial, the stimuli were each pre-
sented for 400 ms, during which time, frames were randomly
interleaved every three temporal frames in the monocular experi-
ments and every two temporal frames in the dichoptic experi-
ments to create the dynamic presentation. The size of the blob
was determined by the Gaussian r, which was set at 0.25.
These stimuli are similar to those used in an earlier study (Hai-
rol & Waugh, 2010). Such stimuli are broad-band in both spatial
frequency and orientation, however they appear to engage lateral
facilitation mechanisms in a similar way to collinearly oriented Ga-
bor stimuli (although results from some studies e.g. Levi et al.,
2002a; Yu, Klein, & Levi, 2002, have demonstrated facilitation for
orthogonal Gabors). These stimuli, without strong orientation
speciﬁcity, may engage signals from multiple orientation-sensitive
cells and may also have an advantage of tapping into different lev-
els of visual processing, which might not be as orientation speciﬁc
as V1, but could be more speciﬁc to other characteristics such as
texture or contrast differences.
2.4. Observers
Four observers, naïve observers HMY, KB and AH, and author IH
participated in the experiments. KB and AH were involved in parts
of the experiment. All observers had visual acuity of 6/5 or better
and stereoacuity of 30 arcsec or better with the TNO random dot
stereo test. The Anglia Ruskin University Research Ethics Commit-
tee approved the conduct of this research, which complied with
the tenets of the declaration of Helsinki. Informed consent was also
obtained from all the participating observers.
2.5. Procedure
All observers were experienced psychophysical observers. Data
collection occurred over a number of sessions, of 1–2 h in duration.
Data were collected in systematic counterbalanced order across
the variable of interest, usually target-ﬂanker separation.
Modulation detection thresholds for LM and CM stimuli for each
observer were determined by a self-paced temporal 2AFC proce-
Fig. 1. Example of luminance-modulated and contrast-modulated noise blobs as generated using MATLAB. Left column: LM Gaussian target and ﬂanking blobs with r = 0.25.
Right column: CM Gaussian target and ﬂanking blobs with r = 0.25. Both are presented in 1  1 pixel binary background noise. Luminance proﬁle of all blobs is shown in the
bottom ﬁgure. Target-ﬂanker separation = 2.0.
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two 400 ms intervals, one containing the stimulus to be detected
and the other containing the unmodulated, dynamic noise carrier
of uniform contrast (20%) and constant mean luminance. Flankers
appeared in both intervals, except in the ‘no-ﬂanker’ condition.
Each interval was accompanied by an audible tone, separated by
a 500 ms interval, during which a mean luminance noiseless screen
was visible. No feedback was given. In the method of constant
stimuli, a series of 11 contrast levels in 1.5 dB steps was presented
in random order. The amplitude of the Gaussian modulator was se-
lected based on the training sessions so that threshold data
approximately spanned the full psychometric function. Each run
consisted of 125 trials. Results accumulated across four to six runs
showed that the overall numbers of trials were evenly distributed
across the 11 levels. Measurements were made at a 1 m viewing
distance.
Modulation detection thresholds for LM and CM stimuli were
also determined in the presence of ﬂankers of same or different
type to that of the target. Target to ﬂanker separation was varied
from 0 (overlapping) to 6. In the 0 separation condition, the test
blob was superimposed onto a single reference blob. The size of
both test stimulus and ﬂankers was always the same (Gaussian
r = 0.25). The modulation depth for LM ﬂankers, l was 0.5 and
for CM ﬂankers, m was 2.5. Due to the neutral density/goggle ef-
fects on overall intensity in this study, these suprathreshold ﬂank-
ers are equivalent to 9 the detection threshold for LM stimuli (on
average across observers) and 5.5 the detection threshold for CMstimuli. The stimulus arrangements used for the rest of this study
were: LM target ﬂanked by LM ﬂankers (1 1 1); CM target ﬂanked
by CM ﬂankers (2 2 2); LM target by CM ﬂankers (2 1 2); and CM
target ﬂanked by LM ﬂankers (1 2 1).
All experiments were carried out in blocked fashion, whereby
within one session only one condition was tested (e.g. 1 1 1,
2 2 2, 1 2 1 or 2 1 2) across the variable of interest, i.e. separation
and viewing conditions (monocular or dichoptic). Each observer
completed a different order of condition, and was always aware
of which condition they were attending to in any particular ses-
sion. In the dichoptic experiment, the target was always sent to
the right eye and ﬂanks to the left eye. The right eye was the dom-
inant eye in all observers.2.6. Analysis
Thresholds were calculated by combining results measured
from 4 to 6 runs (3000–4500 trials) for each stimulus arrangement
and target-ﬂanker separation. Data were pooled and ﬁt with a Wei-
bull function using Igor Pro software to obtain the contrast thresh-
old (75% correct response) and standard error of the estimate.
The Weibull function is expressed by the formula,
PcorrectðcÞ ¼ 1 0:5 2ðc=thÞ
b ð2Þ
where th is the estimated threshold at 75% correct response, b is the
psychometric function’s slope and c is the target contrast (Yu et al.,
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Fig. 2. Absolute thresholds measured as a function of target-ﬂanker separations for observers IH, HMY and KB for LM blobs ﬂanked by LM blobs (1 1 1, open symbols) and CM
blobs ﬂanked by CM blobs (2 2 2, ﬁlled symbols). (a) Absolute thresholds for 1 1 1 and 2 2 2 viewed monocularly. (b) Absolute thresholds for 1 1 1 and 2 2 2 viewed
dichoptically.
4
3
2
1
th
re
sh
ol
d 
el
ev
at
io
n
6543210
separation (deg)
monocular
 111
 222
 111*
 222*
monocular data, without filter
from Hairol & Waugh, 2010
Fig. 3. Averaged threshold elevation (ﬂanked threshold/absolute threshold) mea-
sured as a function of target-ﬂanker separation across three observers (±1 SE) under
monocular viewing. Open and closed symbols represent data set of 1 1 1 and 2 2 2
stimulus arrangements, respectively. Data points below y = 1 indicate facilitation
and above y = 1 indicate masking. The grey continuous and dotted lines are
monocular data obtained without the ND ﬁlter for 1 1 1 and 2 2 2, respectively,
published in an earlier study (Hairol & Waugh, 2010).
2534 M.I. Hairol, S.J. Waugh / Vision Research 50 (2010) 2530–25422002). The values obtained enabled direct comparison particularly
with the psychometric slope ﬁndings of Petrov et al. (2006).
3. Results
3.1. Spatial lateral interactions between luminance-modulated (1 1 1)
and contrast-modulated (2 2 2) Gaussian blobs viewed monocularly
Detection thresholds for LM and CM targets, ﬂanked by simi-
larly deﬁned suprathreshold blobs when viewed monocularly are
shown in Fig. 2a for observers IH, HMY and KB. Threshold eleva-
tions (ﬂanked modulation thresholds relative to unﬂanked modu-
lation threshold) across separation are shown in Fig. 3. Data were
ﬁt with a difference of Gaussian (DoG) function1 as described
below:
f ðxÞ ¼ 1þ ðamplitude1  expððx2=2r21ÞÞ
 ðamplitude2  expððx2=2r22ÞÞ ð3Þ
where amplitude1 and r1 is the peak amplitude and standard devi-
ation, respectively, of the ﬁrst Gaussian, and amplitude2 and r2 is
the peak amplitude and standard deviation, respectively, of the sec-
ond Gaussian. The position on the x-axis where peak amplitude oc-
curs is constrained to zero.
In Fig. 3, masking occurs when the target and ﬂankers are over-
lapping (separation = 0). This is followed by the facilitation region,
around 0.5–2 of target-ﬂanker separation, where the blob thresh-
old is decreased when ﬂanked, relative to when it is unﬂanked.
Thresholds then return to around the unﬂanked value at larger
separations (about 3–4.5). A repeated measures ANOVA on the
monocular data found that the effect of target- ﬂanker separation
on threshold elevation is signiﬁcant [F(2.73, 1.88) = 17.63,
p < 0.05]. However target type does not have a differential effect
on threshold elevation [F(1, 2) = 0.13, p > 0.05]. At the peak facilita-
tion point, threshold reduction ranges from 46% to 63% for LMstimuli (mean: 57.4 ± 0.06%) and 18–53% for CM stimuli (mean:
34.6 ± 0.1%). The separations where peak facilitation occurs as ex-
tracted from the DoG ﬁt were 1.87 ± 1.44 for the 1 1 1 arrange-
ment and 1.33 ± 0.12 for the 2 2 2 arrangement. The spread of
the Gaussians for these arrangements were also very similar. The
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Waugh, 2010), also determined under monocular viewing condi-
tion without any neutral density ﬁlters and ﬁt with a double
Gaussian function. Table 1 shows that the separations at which
peak facilitation occurs for the monocular data obtained without
the use of the ND ﬁlter (Hairol & Waugh, 2010) are similar when
ﬁt with either the double Gaussian or the difference of Gaussian
(DoG) function. Thus we are convinced that the results are not dis-
similar to the values determined by the double Gaussian ﬁt.
3.2. Spatial lateral interactions between luminance-modulated (1 1 1)
and contrast-modulated (2 2 2) Gaussian blobs viewed dichoptically
Dichoptic viewing produces a similar pattern of results across
target separation to that found for the monocular viewing condi-
tion, though with stronger masking in the overlapping condition,
as shown in Fig. 2b. The averaged threshold elevation across three
observers is shown in Fig. 4. When the target is presented to one
eye and the ﬂankers to the other eye, similar masking and facilita-
tion regions with respect to separation are found. Masking occurs
when target and ﬂankers overlap and at a separation of 0.5 and
are stronger dichoptically in agreement with other superimposed
masking studies (Meese, Georgeson, & Baker, 2006; Waugh & Hai-
rol, 2008). Facilitation occurs at separations of 1–3. The effect of
separation on threshold elevation is signiﬁcant [F(4.06, 8.13) =
11.09, p < 0.05]. Under dichoptic viewing conditions, the effect of
target type on threshold elevation is not signiﬁcantly different
[F(1, 2) = 8.51, p > 0.05]. At the peak facilitation point, threshold
facilitation ranges from 10% to 32% for the LM target (mean:
24.1 ± 0.07%) and 35–43% for CM target (mean: 39.0 ± 0.02%). The
peaks extracted from the ﬁt were 2.60 ± 0.52 for the 1 1 1 arrange-
ment and 2.00 ± 0.30 for the 2 2 2 arrangement, slightly further
out than under monocular conditions.
From our previous work for monocularly-viewed stimuli (Fig. 5
of Hairol & Waugh, 2010) it is known that the small differences in
ﬂanker visibility used in the current study for the LM and CM stim-
uli (9 to 5.5 detectability) could potentially lead to about a 10%
increase in peak facilitation. However, a control experiment was
conducted on one observer (IH) where the LM ﬂankers were care-
fully matched in visibility to that used for CM ﬂankers in the cur-
rent study (i.e. 5.5). The results across separation are almost
indistinguishable for monocular or dichoptic viewing.
3.3. Comparison of peak magnitude of facilitation under monocular
and dichoptic viewing
Huang et al. (2006) measured detection thresholds for a Gabor
target under monocular and dichoptic conditions at a single tar-
get-ﬂanker separation of 3k (i.e. 0.53 for 0.75 c/deg carrier). ToTable 1
In the present paper, the averaged threshold elevation plots are ﬁt with a difference of
Gaussian (DoG) function. Target-ﬂanker separation where peak facilitation occurs for
different stimulus arrangements and viewing conditions tested is shown in the third
column. In our earlier study (Hairol & Waugh, 2010) a double Gaussian function was
used to ﬁt the data (as obtained monocularly without ND ﬁlter, shown by the *).
However the double Gaussian did not provide a satisfactory ﬁt the current dichoptic
data. We show that, for the monocular data, the results are similar regardless of the
type of ﬁt used (compare the values in the second and third column).
Target-ﬂanker separation where peak facilitation occurs ()
Condition Double Gaussian ﬁt Difference of Gaussian ﬁt
*1 1 1Mono 1.60 ± 1.90 1.51 ± 1.05
*2 2 2Mono 1.00 ± 2.00 1.00 ± 0.27
1 1 1ND 1.56 ± 0.19 1.87 ± 1.44
2 2 2ND 1.03 ± 0.05 1.33 ± 0.12
1 1 1Dich 2.60 ± 0.52
2 2 2Dich 2.00 ± 0.30
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Fig. 5. Comparison of threshold elevation across observers at different target-
ﬂanker separations for LM stimuli under monocular and dichoptic viewing
conditions. Values above 0 indicate masking and below 0 indicate facilitation. (a)
at target-ﬂanker separation of 0.5, both masking and facilitation are observed. The
effect varies across observers and viewing conditions. (b) Facilitation is generally
observed at target-ﬂanker separation of 2 across observers and viewing conditions.
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compare threshold elevation across observers at different target-
ﬂanker separations under monocular and dichoptic viewing condi-
tions in Fig. 5. In Fig. 5a, the separation between the target and
ﬂankers selected is 0.5 and at this separation, both masking for
dichoptic viewing and facilitation for monocular viewing are ob-
served. In Fig. 5b, the separation selected is 2, close to the ﬁtted
peak of the averaged data. At this separation, observers did not
experience masking in either monocular or dichoptic viewing con-
ditions. It is clear from Fig. 5 that using a single separation for all
observers to compare the effects between monocular and dichoptic
conditions could yield very difﬁcult outcomes with respect to
revealing the effects of ﬂanks on detection threshold.
In Fig. 6, we compare threshold elevations for LM and CM stimuli
at the point of peak facilitation for each observer. In Fig. 6a and b,
facilitation under dichoptic viewing condition ranges from 10% to
32% for LM stimuli (mean: 24.1 ± 0.07%), whereas for CM stimuli it
ranges from 35% to 43% (mean: 39.0 ± 0.02%). Fig. 6 also enables a
comparison of magnitudes between threshold facilitation for the
monocular and dichoptic viewing conditions. For LM targets, more
facilitation is achieved under monocular than dichoptic viewing
conditions (on average by 2.4). However for CM targets, facilita-
tion is slightly greater under dichoptic thanmonocular viewing con-
ditions (on average by 1.1). The data for both monocular and
dichoptic viewing conditions were extracted for individual peak
separations between 2 and 4 (region of peak facilitation). A re-
peated measures ANOVA performed on these data reveal a signiﬁ--0.6
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Fig. 6. Comparison of threshold elevation across observers at the separation that
yields maximum facilitation for LM and CM stimuli under monocular and dichoptic
viewing conditions. (a) Magnitude of facilitation for 1 1 1 under monocular is
consistently higher under monocular viewing conditions. (b) Magnitude of facili-
tation for 2 2 2 is similar under both monocular and dichoptic viewing conditions.
There is a signiﬁcant interaction between target type and viewing condition
(F(1, 2) = 26.49, p < 0.05) i.e. the changes in facilitation between the two target
types are signiﬁcantly affected by the viewing conditions.cant cross-over interaction between target type and viewing
condition [F(1, 2) = 26.49, p < 0.05]. Post hoc comparison using the
LSD test revealed that the mean score for LM targets under monoc-
ular viewing conditions is signiﬁcantly different from LM targets
under dichoptic viewing conditions (p < 0.05). The mean score for
CM targets under monocular viewing conditions is not signiﬁcantly
different from CM targets under dichoptic viewing conditions.
3.4. Comparison of threshold elevation and slope elevation patterns for
1 1 1 and 2 2 2
To assess the role of uncertainty in modulating detection
thresholds, we assessed the slopes of the psychometric functions
used to obtain them. In Fig. 7, slope elevation (i.e. the slope of psy-
chometric function measured for detection of the target with, ver-
sus without, ﬂankers) is plotted as a function of threshold elevation
(i.e. detection threshold measured with, versus without, ﬂankers)
for all LM (1 1 1) and all CM (2 2 2) stimuli. For the 1 1 1 arrange-
ment, the correlation between threshold and slope elevations is
not signiﬁcantly different from zero under both monocular
(Fig. 7a) and dichoptic (Fig. 7b) viewing conditions (monocular:
r = 0.01, p > 0.05; dichoptic: r = 0.19, p > 0.05). The same story
holds for the 2 2 2 arrangement, (Fig. 7c, monocular r = 0.01,
p > 0.05; Fig. 7d, dichoptic, r = 0.04, p > 0.05). For same-type stim-
uli then, under both monocular and dichoptic viewing conditions,
changes in the ratio of thresholds are not consistent with changes
in the ratio for slopes i.e. the decrease in threshold or facilitation is
not associated with a decrease in uncertainty, relative to the un-
ﬂanked values. In all cases, there are no signiﬁcant effects of tar-
get-ﬂanker separation on slope values so that the measured
changes in slope are not systematically affected by the change in
separation between target and ﬂankers.
3.5. Spatial lateral interactions of luminance-modulated and contrast-
modulated Gaussian blobs with different target and ﬂanker type (1 2 1
and 2 1 2) viewed monocularly and dichoptically
In circumstances where the target and ﬂanking stimuli are de-
ﬁned differently (e.g. 1 2 1 and 2 1 2 cases), we have previously
shown that inverted lateral spatial interaction proﬁles are obtained
across ﬂanker separation. In the present study, we compare our re-
sults obtained monocularly and dichoptically. For example in the
2 1 2 condition, the LM test blob to be detected was presented to
one eye,whereas the visible CMﬂankerswere presented to the other
eye. The results are compared to the monocular viewing condition,
where all stimuli were presented only to one eye (the eye to which
the detection target was presented in the dichoptic condition).
Absolute thresholds for the mixed arrangements under both
viewing conditions are shown in Fig. 8a and b. Fig. 9a shows
threshold elevation as a function of target-ﬂanker separation for
the 2 1 2 arrangement for both monocular and dichoptic viewing
conditions, averaged across three observers. Fig. 9b shows thresh-
old elevation as a function of target-ﬂanker separation for monoc-
ular and dichoptic viewing when the CM blob was ﬂanked by LM
blobs (1 2 1), averaged across three observers. A noticeable ﬁnding
is that for both arrangements, facilitation appears to be reduced
when target and ﬂankers were viewed dichoptically, compared to
when they were viewed monocularly. However the inverted pat-
tern of 2 1 2 can still be observed under dichoptic conditions, albeit
with smaller facilitation effects.
3.6. Comparison of threshold elevation and slope elevation patterns for
1 2 1 and 2 1 2
In Fig. 10, slope elevation is plotted as a function of threshold ele-
vation for the 1 2 1 and 2 1 2 stimulus arrangements to assess the
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Fig. 7. Slope elevation (ﬂanked slope/unﬂanked slope) plotted as a function of threshold elevation (ﬂanked threshold/unﬂanked threshold) across the data of three observers.
(a) Monocular viewing of 1 1 1 arrangement (r = 0.01, p > 0.05). (b) Dichoptic viewing of 1 1 1 arrangement (r = 0.19, p > 0.05). (c) Monocular viewing of 2 2 2 arrangement
(r = 0.01, p > 0.05). (d) Dichoptic viewing of 2 2 2 arrangement (r = 0.04, p > 0.05). For all arrangements, correlations between slope elevation and threshold elevation are
not signiﬁcant.
M.I. Hairol, S.J. Waugh / Vision Research 50 (2010) 2530–2542 2537relationship between changes in threshold and changes in observer
uncertainty, as represented by the slope. For the 1 2 1 condition
(Fig. 10a and b) the correlation between threshold and slope eleva-
tions under bothmonocular and dichoptic viewing conditions is not
signiﬁcantly different fromzero (monocular: r = 0.40, p > 0.05; dich-
optic: r = 0.15, p > 0.05). However for the 2 1 2 condition (Fig. 10c
and d), when target and ﬂankers were viewedmonocularly, the cor-
relation is positive and signiﬁcant (r = 0.41, p < 0.05). When viewed
dichoptically, the correlation is positive and highly signiﬁcant
(r = 0.70, p < 0.001). Table 2 shows Pearson’s correlation r values
for all stimulus arrangements found in this study and also for mon-
ocular data without an ND ﬁlter (from Hairol & Waugh, 2010). It is
clear from this table that althoughno signiﬁcant correlation is found
for the 1 1 1, 2 2 2 and 1 2 1 arrangements under both monocular
and dichoptic conditions. The role of uncertainty does appear to
be important for the 2 1 2 arrangement.
4. Discussion
We have shown elsewhere that uncertainty reduction alone
cannot explain monocular ﬂank facilitation effects observed be-
tween stimuli such as the ones used in this study (Hairol & Waugh,
2010). In the present paper, psychometric function slope estimates
for all near-detection thresholds were made, under both monocu-
lar and dichoptic viewing conditions, as they have been thought to
reﬂect observer uncertainty (Green & Swets, 1966; Pelli, 1985).Fig. 7 clearly shows that for all luminance-modulated and all con-
trast-modulated stimuli (1 1 1 and 2 2 2) there is no signiﬁcant
correlation between threshold elevation and slope elevation. In
Fig. 10, when the target and ﬂanker types were deﬁned differently
(1 2 1 and 2 1 2), a signiﬁcant correlation is found for the 2 1 2
arrangement, under both monocular and dichoptic viewing condi-
tions. Table 2 shows Pearson’s correlation r values for all stimulus
arrangements found in this study and also for monocular data
without an ND ﬁlter (from Hairol & Waugh, 2010). By obtaining
detection thresholds and psychometric function slopes for all sep-
arations, we have shown that the uncertainty reduction hypothesis
alone cannot account for the observed effects (except for poten-
tially the 2 1 2 condition). Unmatched thresholds and slopes have
also been found for overlapping stimuli in a contrast discrimina-
tion task (e.g. Meese et al., 2006; Waugh & Hairol, 2008).
Besides uncertainty reduction, there are low-level sensory mod-
els that could lead to changes in psychometric function slopes and
facilitatory effects. One possibility is that there is a direct change of
the contrast transducer response function for target detection by
nearby ﬂanks that could be processed within the same channel
(Solomon, Watson, & Morgan, 1999). Flank facilitation could also
be explained by changes in the signal-to-noise ratio within a chan-
nel by appropriate positioning of the ﬂankers (Yu et al., 2002).
Alternatively, facilitation has been attributed to an increase in
the sensitivity of ﬁlters underlying detection of the target via lat-
eral interactions affecting the gain of the ﬁlter’s transducer func-
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Fig. 8. Absolute thresholds measured as a function of target-ﬂanker separations for observers IH, HMY and AH for LM blobs ﬂanked by CM blobs (2 1 2, open symbols) and CM
blobs ﬂanked by LM blobs (1 2 1, ﬁlled symbols). (a) Absolute thresholds for 2 1 2 and 1 2 1 viewed monocularly. (b) Absolute thresholds for 2 1 2 and 1 2 1 viewed
dichoptically.
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Fig. 9. (a) Averaged threshold elevation (ﬂanked threshold/absolute threshold) measured as a function of target-ﬂanker separation across three observers (±1 SE) for 2 1 2
arrangement under monocular (continuous line) and dichoptic (dotted line) viewing conditions. (b) Averaged threshold elevation across three observers (±1 SE) for 1 2 1
arrangement under monocular (continuous line) and dichoptic (dotted line) viewing conditions.
2538 M.I. Hairol, S.J. Waugh / Vision Research 50 (2010) 2530–2542tion multiplicatively (e.g. Chen & Tyler, 2001) or by shifting its
operating point to a point of higher sensitivity (Zenger & Sagi,
1996). Shani and Sagi (2006) tested several different mechanisms
for collinear facilitation including uncertainty reduction, additive
and multiplicative effects. They did not favour an uncertainty
reduction model, but found that Weibull functions ﬁt to data for
ﬂanked thresholds were better superimposed with those for un-
ﬂanked thresholds by adding a shift, rather than scaling it multipli-
catively, hence favouring an additive model. Our previous results
obtained monocularly (Hairol & Waugh, 2010) were ﬁt with addi-
tive and multiplicative models with 50% favouring either one, forany one stimulus arrangement (1 1 1, 2 2 2, 1 2 1 or 2 1 2) or any
one observer. We also analysed the dichoptic data in the current
study. On average, conditions 1 1 1, 2 2 2 and 1 2 1 appeared to fa-
vour the additive model of psychometric function change for facil-
itation and condition 2 1 2 favoured the multiplicative model,
however results are inconsistent across observers.
4.1. Other possible neural explanations for LM and CM ﬁndings
Results found in classic psychophysical lateral interaction
experiments suggested to their investigators that facilitation
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Fig. 10. Slope elevation plotted as a function of threshold elevation across the data of three observers for the mixed arrangements. (a) Monocular viewing of 1 2 1
arrangement (r = 0.40, p > 0.05). (b) Dichoptic viewing of 1 2 1 arrangement (r = 0.15, p > 0.05. (c) Monocular viewing of 2 1 2 arrangement (r = 0.41, p < 0.05). (d) Dichoptic
viewing of 2 1 2 arrangement (r = 0.70, p < 0.01). For 1 2 1 arrangements, correlation between slope elevation and threshold elevation is not signiﬁcant under both viewing
conditions. For 2 1 2, correlation is positive and signiﬁcant under monocular viewing conditions, and positive and highly signiﬁcant under dichoptic viewing conditions.
Table 2
Values of Pearson’s correlation r across various stimulus arrangements.
Pearson’s r
Viewing condition 111 222 121 212
Monocular (Hairol & Waugh, 2010) 0.65 0.25 0.41 0.85*
Monocular with ND ﬁlter 0.01 0.01 0.40 0.41*
Dichoptic 0.19 0.04 0.15 0.70**
* Indicates signiﬁcance at p < 0.05.
** Indicates signiﬁcance at p < 0.001.
M.I. Hairol, S.J. Waugh / Vision Research 50 (2010) 2530–2542 2539reﬂects inhibition of spontaneous neural activity at the target site
through long-range lateral interactions between spatial channels
(Polat & Norcia, 1996; Polat & Sagi, 1993, 1994). In the current
study, the spatial lateral interactions for LM and CM stimuli extend
over a similar spatial extent, suggesting that ﬁrst- and second- or-
der ﬁlters are connected by connections of similar length. This is
reinforced by the ﬁndings that the extent of the facilitation region
scales with the size of the stimuli used, when expressed in degrees
rather than standard deviation units (see Fig. 10, Hairol & Waugh,
2010). The connections between spatial ﬁlters have been suggested
to reﬂect long-range intrinsic connections between like-orienta-
tion columns in V1 (Fitzpatrick, 2000; Gilbert, 1998). Although it
has been found that the horizontal connections in V1 extend for
1–2 mm (Amir, Harel, & Malach, 1993; Lund, Yoshioka, & Levitt,
1993) and 2–3 mm in V2 (Amir et al., 1993), more recent ﬁndingsreveal that these connections can extend for up to 9 mm in V1
(Angelucci & Bullier, 2003; Angelucci et al., 2002). V2 horizontal
connections could be as long, or longer, using an improved tracer
as used in Angelucci et al. (2002) and Angelucci and Bullier
(2003)’s studies.
Yu et al. (2002) did not ﬁnd facilitation effects for a Gabor with a
collinearly oriented surround when Gaussian noise of a similar
contrast to ours was added only to their target. The differences be-
tween our stimuli and theirs are many. In Yu et al.’s study, the tar-
get and surround were ﬁxed at a single, very close separation,
whereas in our experiment, facilitation occurred across a region
where target and ﬂankers were clearly separated (0.5–3). In our
study the background noise was added (or multiplied) to a Gauss-
ian proﬁle, so that it acted both as noise and carrier (in the CM
case). Interestingly, Yu et al. (2002) did ﬁnd facilitation with their
cross surround stimulus even with higher levels of added noise. It
may be that the noise blobs in our experiment being broad-band in
both orientation and spatial frequency, could have tapped into a
larger range of detection mechanisms, thus increasing the chances
for facilitation to occur. The differences in spatial distributions of
the noise in both studies (i.e. whether added to parts or the whole
stimulus) however, do make direct comparison difﬁcult.
Under dichoptic conditions for both LM and CM stimuli, the
same background noise was presented to both eyes (with 50%
correlation), but not in the monocular conditions. For this noise
background, unﬂanked detection thresholds were the same
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ter in place for both LM and CM stimuli. So it appears that the noise
correlation level or magnitude itself used in these experiments, did
not differentially affect LM and CM detectability. We are conﬁdent
that our different dichoptic ﬁndings for LM and CM stimuli are not
due to differences in their ﬂanker visibilities. Our results show sim-
ilarly strong monocular and dichoptic facilitation for CM ﬂankers
which are less visible (5.5) than those used for our LM stimuli
(at 9 visibility), which show weaker dichoptic facilitation. Results
for one observer are very similar when the visibility of the LM
ﬂankers was lowered to match the CM ﬂankers (at 5.5 their
detection threshold). Previous ﬁndings suggest a negligible effect
(Levi et al., 2002a) or about a 10% change in facilitation with a
change in ﬂanker visibility from 5.5 to 9 visibility (Hairol &
Waugh, 2010), i.e., less than the between observer variability at a
single visibility found in this study. However ﬂanker visibility is
clearly important to monitor, can affect monocular facilitation
(e.g. Levi et al., 2002a; Yu et al., 2002; Hairol & Waugh, 2010),
and may be different for other noise correlations or strengths un-
der dichoptic conditions, as found monocularly (Huang & Hess,
2007; Schoﬁeld & Georgeson, 1999).
4.2. Purely monocular locus for LM and CM facilitation?
Huang et al. (2006) reported that facilitation for luminance-de-
ﬁned Gabors (0.75 cpd, Gaussian r = 0.53) was only seen when
they were presented to the same eye but not when they were pre-
sented dichoptically. A closer look at these data shows that the ef-
fect of dichoptic viewing on facilitation was variable. That is,
facilitation was exhibited for one observer, although not for the
other two. It is possible that this result may have occurred due
to measurements being made for a single target-ﬂank separation
for all observers, which might not have displayed facilitation.
Huang et al. (2006) placed their ﬂanks at a separation of 3k, which
is in line with previous ﬁndings that facilitation occurs at separa-
tions between 3k and 6k (e.g. Polat & Sagi, 1993, 1994). Our mon-
ocular data in Fig. 3 show that the region of facilitation occurs from
separations of about 0.5 to 3. However, our dichoptic data in
Fig. 4 show that it occurs form separations of about 1.0 to 4.5.
The depth of facilitation under dichoptic viewing is relatively smal-
ler and quite variable and so without measuring across a range of
separations, it could be missed. This is demonstrated in the present
study by observers HMY and KB (Fig. 5a), where they experienced
facilitation monocularly at a separation of 0.5. At the same sepa-
ration, masking is observed when target and ﬂanks were viewed
dichoptically. Had we chosen to measure lateral interactions at a
separation of 0.5 only, we would have missed the facilitatory re-
gion in the dichoptic viewing condition. At a separation of 2,
observers in this study did not experience masking at all when
the noise blobs were viewed dichoptically (Fig. 5b). Measuring
the effect of ﬂanks on detection threshold therefore should ideally
be done for a range of separations instead of a ﬁxed one.
Furthermore, for the threshold elevation value in the monocular
and dichoptic viewing conditions, the monocular viewing of a sin-
gle Gabor patch was used as the baseline condition (see Huang
et al. (2006), Experiment 1, Section 2.1.5). As described earlier in
the introduction, the built-in ﬁlter of the FE-1 goggles could poten-
tially affect one’s threshold for an isolated target, making ﬁndings
using the goggles difﬁcult to compare with ﬁndings of monocular
testing without a ﬁlter in front of the tested eye. It is therefore pos-
sible that in the Huang et al. (2006) study, the absence of the ﬁlter
in the monocular viewing condition could potentially have affected
their results.
Tanaka and Sagi (1998) measured the time course of threshold
reduction for lateral interaction by employing a forward masking
paradigm and standard luminance Gabor stimuli. Under dichopticconditions, the target and ﬂanks onset asynchrony (SOA) was var-
ied (167, 336 and 867 ms) using short duration ﬂanker (90 msec)
and target (36 ms) stimulus presentations. Data for the two
observers shown reveal only mild facilitation for one observer for
the shortest ﬂanker-target asynchrony. However, similar to Huang
et al.’s study, they again only tested at one separation (3k). In addi-
tion, never were the ﬂankers and target actually presented simul-
taneously (the closest separation in time was 77 ms), which may
well be important for binocular combination to occur (e.g. Thorn
& Boynton, 1974). Our stimuli were always presented together in
time for 400 ms.
The results seen in Figs. 4 and 6 conﬁrm that facilitation can
actually be achieved with LM and CM targets when viewed dichop-
tically. Taken together, these results suggest that viewing condi-
tions do contribute to the magnitude of facilitation that depends
on target type. Speciﬁcally, the facilitation effect for LM targets un-
der monocular viewing conditions is greater than for LM targets
under dichoptic viewing conditions, but for CM targets it is similar
under monocular and dichoptic viewing conditions.4.3. Different loci for LM and CM processing
Although the magnitude of facilitation across viewing condition
is not signiﬁcantly different for 1 1 1 and 2 2 2 arrangements, this
is not surprising as CM-responsive neurons have been found at dif-
ferent levels within V1 and in different visual areas such as V2 (e.g.
Von der Heydt et al., 1984; Peterhans & Von der Heydt, 1989). The
magnitude of facilitation for 1 1 1 is consistently higher under
monocular viewing conditions, and relatively unchanged for 2 2 2
under monocular and dichoptic viewing conditions. The results
suggest that CM processing occurs in binocularly-driven regions
and could also occur at higher visual areas than V1. Wong et al.
(2005) showed that facilitation for CM stimuli was absent in
amblyopes, irrespective of whether the targets were presented to
the amblyopic or the non-amblyopic eye, which is in agreement
with the argument that processing of CM stimuli occurs in a more
binocular locus. A binocular summation study using modulation
transfer functions for LM and CM Gabor stimuli are also supportive,
where we showed greater binocular summation ratios for the
detection of CM Gabor stimuli than for LM Gabor stimuli (Waugh,
Lalor, & Hairol, 2009). The similarities between monocular and
dichoptic second-order mechanisms have also been found in a
temporal motion study (Derrington & Cox, 1998).4.4. Lateral interactions between different blob types
We also report results of interactions between LM and CM stim-
uli across space under monocular and dichoptic viewing condi-
tions. Recently we have suggested that psychophysical results for
targets with ﬂankers that are differently deﬁned obtained under
monocular viewing conditions could be explained by considering
the outputs of neurons from different visual loci (Hairol & Waugh,
2010). The facilitation effect appears reduced under dichoptic
viewing conditions for both the 1 2 1 and 2 1 2 arrangements, com-
pared to the monocular viewing conditions. Under dichoptic view-
ing, information from target and ﬂanker from each eye can only be
summed at non-entry layers of V1 where binocular combination
begins. The reduction of facilitation in the mixed arrangements
may result from inefﬁcient pooling between neurons across visual
loci.
The facilitation effect in the mixed conditions is reduced under
dichoptic viewing, however the patterns of results for the 2 1 2 and
the 1 2 1 arrangements are different (see also Hairol & Waugh,
2010). Asymmetry in spatial lateral interaction effects for mixed
LM/CM stimuli (i.e. 1 2 1 and 2 1 2) has been found previously in
M.I. Hairol, S.J. Waugh / Vision Research 50 (2010) 2530–2542 2541the literature for tasks involving matching of perceptual strength
(Ellemberg et al., 2004) and letter crowding (Chung et al., 2007).
In addition, speciﬁc to the 2 1 2 arrangement there is a very sig-
niﬁcant correlation between threshold elevation and slope eleva-
tion, suggesting a possible role of uncertainty reduction in
explaining these lateral interactions. It is possible that the involve-
ment of different visual areas and stages, particularly where feed-
back needs to be combined before decision is made, raises the
neural uncertainty level before the output of the mechanism is
ﬁnalised and a ﬁnal decision is made (Hairol & Waugh, 2010).
5. Conclusions
In summary, our ﬁndings show that ﬂank facilitation is not
purely a monocular phenomenon. Rather, we show that facilitation
can be achieved dichoptically. Uncertainty reduction alone cannot
explain the facilitatory effects measured in this study however the
results support the notion that the visual system processes ﬁrst-
and second-order information similarly (Baker, 1999; Chubb &
Sperling, 1988), but we also show evidence for substantial interac-
tions between them. CM stimuli do appear to be processed in a
more binocular region than LM stimuli. When both stimuli are pre-
sented together in space, interactions between the mechanisms
mediating LM and CM stimuli reﬂect interactions between these
two different regions.
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